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ABSTRACT

Above a few tens of MeV per nucleon, large, gradual solar energetic particle (SEP) events are highly variable in
their spectral characteristics and elemental composition. The origin of this variability has been a matter of intense and
ongoing debate. In this paper, we propose that this variability arises from the interplay of two factors—shock
geometry and a compound seed population, typically comprising both solar-wind and flare suprathermals. Whereas
quasi-parallel shocks generally draw their seeds from solar-wind suprathermals, quasi-perpendicular shocks—by
requiring a higher initial speed for effective injection—preferentially accelerate seed particles from flares. Solar-wind
and flare seed particles have distinctive compositional characteristics, which are then reflected in the accelerated
particles. We first examine our hypothesis in the context of particles locally accelerated near 1 AU by traveling
interplanetary shocks. We illustrate the implications of our hypothesis for SEPs with two very large events, 2002
April 21 and 2002 August 24. These two events arise from very similar solar progenitors but nevertheless epitomize
extremes in high-energy SEP variability.We then test our hypothesis with correlation studies based on observations of
43 large SEP events in 1997–2003 by the Advanced Composition Explorer, Wind, the Interplanetary Monitoring
Platform 8, and GOES. We consider correlations among high-energy Fe/O, event size, spectral characteristics, the
presence of GeV protons, and event duration at high energies. The observed correlations are all qualitatively
consistent with our hypothesis. Although these correlation studies cannot be construed as proof of our hypothesis,
they certainly confirm its viability. We also examine the alternative hypothesis in which a direct flare component—
rather than flare particles subsequently processed through a shock—dominates at high energies. This alternative
would produce compositional characteristics similar to those of our hypothesis. However, the observed longitude
distribution of the enhanced Fe/O events, their spectral characteristics, and recent timing studies all pose serious
challenges for a direct flare component. We also comment on measurements of the mean ionic charge state of Fe at
high energies. We conclude that shock geometry and seed population potentially provide a framework for under-
standing the overall high-energy variability in large SEP events. We suggest additional studies for testing this
hypothesis.

Subject headinggs: acceleration of particles — shock waves — Sun: coronal mass ejections (CMEs) —
Sun: flares — Sun: particle emission

1. INTRODUCTION

Large solar energetic particle (SEP) events, in which the pri-
mary accelerators are shocks driven by fast coronal mass ejections
(CMEs), are productive opportunities for refining our understand-
ing of shock acceleration (Reames 1999; Lee 2000, 2005; Zank
et al. 2000; Rice et al. 2003; Cliver et al. 2004) and particle
transport (Ng et al. 1999, 2003; Li et al. 2003). Heavy ions
(with atomic number Z � 2) are especially powerful probes in
this regard. Isotopic ratios ( i.e., 3He/ 4He) and elemental ratios
(especially Fe/C or Fe/O, when combined with ionic charge state

measurements) are signatures of specific seed populations.More-
over, because the minor ions (with Z > 2) are test particles with a
range of charge-to-mass (Q/A) ratios, they potentially provide a
means of untangling the various velocity- and rigidity-dependent
effects that govern injection, acceleration, and transport.
Figure 1 illustrates two extremes in the variability of elemental

composition among large SEP events. In order of increasing en-
ergy, the measurements come from the Ultra Low Energy Iso-
tope Spectrometer (ULEIS; Mason et al. 1998) on the Advanced
Composition Explorer (ACE ), the Electron, Proton, and Alpha
Monitor (EPAM; Gold et al. 1998) on ACE, the Low Energy
Matrix Telescope (LEMT) in the Energetic Particle Accelera-
tion, Composition, and Transport (EPACT) experiment (von
Rosenvinge et al. 1995) on Wind, and the Solar Isotope Spec-
trometer (SIS; Stone et al. 1998a) on ACE. The figure shows the
event-integrated Fe/C ratio as a function of energy for the events
of 2002 April 21 and 2002 August 24. These two events are, re-
spectively, the largest SEP event in 2002 (in terms of total proton
fluence above 30 MeV) and the only ground-level event (GLE)
in 2002. From �0.5 to �10 MeV nucleon�1, the Fe/C ratios are
nearly identical in the two events. But at higher energies the two
events diverge, so that the Fe/C ratio at the highest measured
energy (�60 MeV nucleon�1) differs by more than 2 orders of
magnitude. The energy dependence of Fe/C reflects, of course,
spectral differences between the two species. In the April event,
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Fe has a softer spectrum than C at higher energies; in the August
event, it is harder. The large-fluence event is Fe-poor at high en-
ergies, while the GLE is Fe-rich.

About one-third of the large SEP events observed by ACE
andWind in solar cycle 23 exhibit significant energy dependence
in Fe/C, similar to those in Figure 1. Interplanetary Monitoring
Platform 8 (IMP8) also showed comparable variability (albeit
with less statistical precision) in previous solar cycles (Tylka &
Dietrich 1999; Mazur et al. 1992). However, this difference is
especially noteworthy for the two particular events in Figure 1:
the solar progenitors of these events are fortuitously similar.
Both events were produced by wide CMEs, in which the speeds8

were�2400 km s�1 for theApril event and�1900 km s�1 for the
August event. Of the nearly 7000 CMEs observed by the Solar
andHeliospheric Observatory (SOHO) in 1997–2002, these two
rank as the 6th and 18th fastest, respectively (S. Yashiro 2004,
private communication); both were easily capable of driving a
shock throughout most, if not all, of the corona. Transit times to
Earth for the associated shocks were 51 and 58 hr, respectively.
The associated flares for the two events were also nearly identical
in terms of their sizes and solar locations (X1.5/1F at S14�,
W84�; and X3.1/1F at S02�, W81�, respectively).9 Thus, the dif-
ference in Figure 1 cannot be blithely ascribed to factors such as
CME speed and source location, which are generally important
for SEP variability. Instead, Figure 1 challenges us to look for a
more subtle driver behind the high-energy behavior.

Events with highly suppressed Fe/C at high energies are easy
to understand in terms of a shock operating on a seed population
dominated by solar-wind suprathermals. From very general con-
siderations, a common Ansatz for the differential energy spec-
trum of shock-accelerated particles is the functional form F(E ) �
E�� exp (�E/E0) (Ellison&Ramaty 1985; Jones&Ellison 1991).
In the simplest interpretation (which neglects many factors, in-
cluding nonequilibrium conditions and spectral distortions due
to transport), the power-law index � is determined by the shock
compression ratio. The e-folding energy E0, on the other hand,
reflects the diffusion coefficient that controls escape from the
near-shock region. For some events (such as 2002 April 21) this
e-folding energy has a relatively low value, and we clearly see
the exponential rollover in ion spectra below �100 MeV
nucleon�1. Aswe argue below, these are likely to be quasi-parallel
shocks—at least while near the Sun, where shocks are generally
most prolific at accelerating particles to high energies. Ellison &
Ramaty (1985) also suggested that E0 scales with the ion’s Q/A
value when the near-shock scattering mean free path is directly
proportional to rigidity. Physically, this scaling reflects the fact
that at any given momentum, particles with higher A/Q are more
likely to escape the shock region and thereby lose the opportunity
to be promoted to even higher energies. Thus, if a shock oper-
ates on a seed population dominated by solar-wind–like supra-
thermals (with C havingQ/A � 0:5 whileQ/A � 0:2 for Fe), then
Fe has a smaller e-folding energy E0. The Fe spectrum therefore
rolls over more steeply than the C spectrum, leading to highly
suppressed Fe/C at high energies. In fact, this behavior has been
exploited to determine ionic charge states for various elements in
the 2002 April 21 event and in other events with similar charac-
teristics (Tylka et al. 2000, 2001; Tylka 2001). The charge states
deduced from these spectral comparisons are in good agreement
with directly measured values from the Solar, Anomalous, and
Magnetospheric Particle Explorer (SAMPEX ) and ACE in these
events.

But understanding how shock acceleration can produce events
like 2002August 24, in which Fe/C increases with energy and at-
tains values k5 times that of the corona, has proven to be more
elusive (Mason et al. 1999b; Tylka et al. 2002; Cane et al. 2003;
Cohen et al. 2003). These events also tend to have enhanced
3He/4He above 7MeVnucleon�1 (Cohen et al. 1999;Wiedenbeck
et al. 2000; Cane et al. 2003; Torsti et al. 2003). For a few such
events there are direct (Leske et al. 2001; Labrador et al. 2003)
and indirect (Dietrich & Tylka 2003) measurements of the mean
ionic charge of Fe ( QFeh i) above �30 MeV nucleon�1. In these
events, QFeh i � 20. As a result, Fe and C have not too dissimilar
Q/A values, and it is difficult to ascribe the Fe/C enhancement
to transport or acceleration effects. Consequently, the enhanced
Fe/C must be a characteristic of the seed population from which
the highest energy ions are drawn.10

As illustrated schematically in Figure 2, the seed population
for SEPs likely comprises at least two components: the ubiqui-
tous suprathermal tail from the solar wind (Gloeckler et al. 2000)
and suprathermals from flare activity (Mason et al. 1999a; Tylka
et al. 2001). Among the distinguishing characteristics of these
flare suprathermals are elevated Fe/C (and Fe/O) �10 times the
average coronal and solar-wind values, large enhancements in
trans-Fe ions (Reames 2000; Reames & Ng 2004; Mason et al.
2004), Fe ions with QFeh i > 16 (Luhn et al. 1987), and 3He/4He

Fig. 1.—Event-integrated Fe/C (normalized to the nominal coronal value
0.288; Reames 1995) vs. energy for the SEP events of 2002 April 21 (blue) and
2002 August 24 (red ). Data come from ULEIS (Mason et al. 1998; filled
circles) on ACE, EPAM (Gold et al. 1998; open squares) on ACE, LEMT in the
EPACT experiment (von Rosenvinge et al. 1995; crosses) on Wind, and SIS
(Stone et al. 1998a; open triangles) on ACE.

8 CME parameters were provided by http://cdaw.gsfc.nasa.gov/CME_list.
Information on flares was taken from http://www.ngdc.noaa.gov/stp/SOLAR/
sgdintro.html.

9 In the nominal Parker-spiral magnetic field, direct connection to these flare
longitudes would require solar-wind speeds of 273–283 km s�1. However, the
solar-wind speed measured onWind in the first 12 hr of the 2002 April 21 event
varied between 452 and 504 km s�1, corresponding to connection longitudes of
W46�–W51�. In the first 12 hr of the 2002August 24 event, the solar-wind speed
varied between 345 and 436 km s�1, corresponding to connection longitudes at
W52�–W66�. Thus, there is no a priori reason to expect direct connection to the
flare site in either event.

10 It has also been suggested that the high-charge Fe ions are generated by
stripping during acceleration in high-density regions of the corona (Reames
et al. 1999; Barghouty & Mewaldt 1999, 2000). But it is not clear why this
process should also lead to enhanced Fe/C.
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significantly enhanced above the average solar-wind value of
0:041%� 0:003% (Gloeckler & Geiss 1998). A recent survey
(Wiedenbeck et al. 2003) has shown that particles from flare
activity, as evidenced by energetic 3He above 200 keV nucleon�1,
are present in the interplanetary medium at 1 AU at least 60% of
the time during solar maximum. (See also Richardson et al. 1990
and Laivola et al. 2003.) Mewaldt et al. (2003a) have also esti-
mated that remnant flare suprathermals are sufficiently numerous
that they alone could provide the seed particles for all of the
observed SEP iron11 above 1 MeV nucleon�1. Although the rel-
ative strength of these two components can vary from event to
event, their combined presence naturally leads to an energy-de-
pendent composition in the seed population, with both the relative
abundance of Fe and QFeh i increasing with particle speed.

Generally, one would expect solar-wind suprathermals to
vastly outnumber flare suprathermals. However, a substantial
body of theoretical work suggests that the minimum particle
speed needed to participate in shock acceleration should be
higher for quasi-perpendicular shocks, either for simple kine-
matic reasons (Forman & Webb 1985) or because the accelera-
tion efficiency is higher for faster seed particles (Jokipii 1987;

Webb et al. 1995; Zank et al. 2004). The kinematic consid-
erations (Forman & Webb 1985) are based on the notion of
‘‘catching-up’’ to the shock from the downstream region. How-
ever, more careful analysis shows that the required conditions
for acceleration at a quasi-perpendicular shock are more com-
plicated than that; they depend instead upon both the nature of
the particle’s interaction with the shock and the details of the
scattering conditions. Jokipii (1987) envisioned acceleration at
a perpendicular shock as the particle drifting along the shock
front, gaining energy while its gyroradius is engulfed by the
shock. Maintaining particle isotropy, as required for efficient
acceleration, then implies that the particle must be scattered dur-
ing this engulfment. From these considerations, Jokipii (1987)
concluded that the initial particle speed for acceleration at a
quasi-perpendicular shock must be much higher than the shock
speed, whereas injection at a quasi-parallel shock can occur
when the initial particle speed is only slightly larger than that of
the shock. Moreover, as numerous authors have pointed out,
cross-field diffusion, rather than particle speed, plays the key role
in returning the particle to the upstream region at a perpendicular
shock (Jokipii 1987; Jones et al. 1993; Achterberg & Ball 1994;
Webb et al. 1995). For example, Webb et al. (1995) showed that,
all other things being equal, the minimum injection speed in a
perpendicular shock is larger than that in a parallel shock by a
factor of (Kk/K?)

1=2, where Kk and K? are the diffusion co-
efficients parallel and perpendicular to the upstream magnetic
field, respectively. If K?/Kk � 1% (Giacalone & Jokipii 1999;
Zank et al. 2004; Bieber et al. 2004), then the minimum injection
speed at the perpendicular shock would be higher by about a
factor of ten.12

Thus, as also illustrated schematically in Figure 2, flare su-
prathermals are more likely to dominate over solar-wind supra-
thermals as the seed particles in quasi-perpendicular shocks.
However, the shock geometry generally evolves as the shock
moves out from the Sun, usually from quasi-perpendicular to-
ward quasi-parallel. The nature of the accessible seed population
would also change during this evolution. At the same time, as
the shock angle decreases, the spectra soften at high energies.
The net effect of this evolution is to allow the unique composi-
tional characteristics of flare suprathermals to be reflected pref-
erentially among the higher energy particles.
In this paper we therefore suggest that events like 2002August

24 involve quasi-perpendicular shocks, operating on a seed
population containing suprathermal ions from flare activity.
These flare suprathermals could be remnants from earlier flare
activity (Mason et al. 1999a; Tylka et al. 2001) or come from the
associated flare, if open field lines connect the flare site to the
shock front (Reames 2002). The acceleration process in quasi-
perpendicular shocks is rapid, giving them a distinct advantage
in producing high-energy particles (Jokipii 1987; Decker 1988;
Ostrowski 1988; Giacalone et al. 1994; Webb et al. 1995; Zank
et al. 2004). Rapid acceleration is particularly critical in the case

Fig. 2.—Schematic representation of the suprathermal seed population for
shock-accelerated solar energetic particles, comprising both solar-wind and
flare-accelerated ions. The flare suprathermals are more likely to be apparent in
quasi-perpendicular shocks, for which the injection threshold is higher. The
inset (upper right) shows how the Fe/O ratio in the seed population changes with
energy. As the geometry evolves as the shock moves out from the Sun (gen-
erally, from quasi-perpendicular toward quasi-parallel), the nature of the ac-
cessible seed population would also change.

11 In fact, in the analysis below, we suggest that flare suprathermals generally
provide seeds for energetic particles above�10MeVnucleon�1, and that they are
not important at all in some of the largest fluence events, such as 2002 April 21.
Consequently, only a few percent of the remnant flare suprathermals would be
necessary to account for the observed high-energy enhancements in SEP Fe. The
enhanced Fe below �1 MeV nucleon�1 in Fig. 1 is not the focus of this paper.
However, we suggest in passing that this enhancement may be a transport-
induced distortion (due to iron’s relatively lowQ/A), rather than an attribute of the
seed population. SEPICA (Möbius et al. 1998) onACE has presented preliminary
measurements for seven of the SEP events in this study at http://cdaw.gsfc.nasa
.gov/LWS/data. In these events, themean charge states for iron at 0.23–0.33MeV
nucleon�1 are QFeh i � 10 13; the mean charge states for oxygen at 0.50–
0.63 MeV nucleon�1 are QO � 6 7. These charge states are characteristic of
solar-wind ions, not flare-accelerated ions. ACE ULEIS has also reported event-
integrated Fe/O at 0.16–0.32 MeV nucleon�1 for six of these events. The values
are enhanced at �2–7 times the nominal solar-wind /coronal value.

12 Fundamental observational facts, such as the organization of the shapes of
SEP time-intensity profiles by longitude (Cane et al. 1988; Reames et al. 1996)
and the existence of flux dropouts in impulsive events (Mazur et al. 2000), argue
that K?/KkT1, at least during the interplanetary transport of SEPs. We note,
however, the appropriate value for K?/Kk in the turbulence of the shock region is
not well understood. Also, Giacalone (2005) has warned that the shock geom-
etry’s effect on the injection threshold may be weakened in cases where the large-
scalemagnetic field fluctuations are strong. Of course, these conditions are poorly
known in active regions of the corona. We may therefore look upon these studies
as an opportunity to pin down those conditions, using the remote sensing capa-
bilities provided by the high-energy SEPs.
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of high-energy SEPs, since the maximum energy attainable by
the CME-driven shock generally decreases quickly as the shock
moves outward from the Sun (Lee 1997; Ryan et al. 2000; Zank
et al. 2000). For this reason, quasi-perpendicular shocks aremore
likely to produce GLEs.

The outline of this paper is as follows. In x 2 we examine en-
ergetic particles produced by traveling interplanetary shocks near
1 AU, focusing on events that exhibit the same extreme range of
energy dependence in Fe/O as the SEP events of Figure 1. In x 3
we show how other characteristics of the large SEP events (in-
cluding fluences, spectral characteristics, the presence of GeV
particles, and durations at high energies) are consistent with our
hypothesis. In x 4 we comment on an alternative hypothesis in
which a direct flare component—rather than flare particles subse-
quently processed through a shock—dominate at high energies.
In x 5 we summarize our results, note some particular challenges
for our hypothesis, and discuss future studies that may be able to
test it.

2. TRAVELING INTERPLANETARY SHOCK
EVENTS NEAR 1 AU

Wefirst employ observations of traveling interplanetary shocks
near 1 AU (hereafter referred to as IPS events) to examine our
hypothesis about the roles of shock geometry and seed pop-
ulations. For these IPS events we have a local measurement of
�Bn, the angle between the upstream magnetic field vector B and
the shock normal n. We also have measurements of the 3He/4He
ratio in the accelerated particles, which generally provides an in-
dicator of flare remnants in the seed population. We note, how-
ever, that �Bn and 3He/4He are only imperfect proxies for the
factors whose impact we wish to assess. Energetic particle mea-
surements (especially for heavy ions) necessarily average over
an extended time period and combine particles produced at
various locations on the shock front. At best, a single �Bn mea-
surement is representative of the changing shock geometry dur-
ing this time interval. Similarly, since enhancements of 3He/4He
and Fe/O in flares are produced by distinct mechanisms, one can
be present in the seed population without the other.

Desai et al. (2003) published a list of 72 IPS events observed
by ACE ULEIS in 1997–2002. To identify events in which ions
were indeed accelerated near 1 AU, they required no velocity
dispersion among the onset times of Fe ions at 0.3–3.0 MeV
nucleon�1. Desai et al. (2004) also provided the �Bn values for
these events. This event list was the starting point for our anal-
ysis. We used data from Wind LEMT (whose geometry factor is
�50 times larger than that of ACE ULEIS) to extend the Desai
et al. (2003) measurements beyond�2 MeV nucleon�1, thereby
better defining the energy dependence. For a few events, ACE
SIS also saw a shock-related increase from which we were able to
derive Fe/O at 10–15MeVnucleon�1. (See alsoDesai et al. 2004.)

The shock angle �Bn generally changes as the shock moves
through the interplanetary medium. As already noted, a partic-
ular concern in studying IPS events is how well the locally mea-
sured �Bn actually reflects conditions at the location where the
observed energetic particles were accelerated. Tominimize these
concerns, we have shortened the integration intervals as much as
the shape of the time profiles would justify. Our integration in-
tervals were generally shorter than those of Desai et al. (2003),
who were trying to maximize ion statistics. For example, for the
23 IPS events discussed below, the Desai et al. integration in-
tervals ranged from 9 to 71 hr in duration, with an average of
32 hr; in our analysis, the integration intervals in these same
events ranged from 2 to 36 hr, with an average of 15 hr.

In order to investigate the extreme behavior analogous to that
in Figure 1, we selected only those IPS events in which Fe/O
showed a strong energy dependence, starting from near-coronal
values and changing by roughly an order of magnitude or more,
either increasing or decreasing.13 Twenty-three events satisfied
these criteria. Eighteen of the events have Fe/O falling with en-
ergy, while five show Fe/O clearly rising with energy.14 The
eventswith increasing Fe/O are the same ones identified byDesai
et al. (2004).WindLEMTconfirms that Fe/O is enhanced in these
events, although with large statistical uncertainties and generally
not as strongly as indicated by the ACE ULEIS measurements
above �1 MeV nucleon�1. This difference may reflect system-
atic instrumental effects that are not yet understood.

Figure 3 shows two different views of Fe/O versus energy for
the selected events. In the left panel, the Fe/O values are nor-
malized to the nominal coronal value; in the right panel, each
event is normalized to its observed Fe/O value at 0.08–0.16MeV
nucleon�1. The colors in the left and right panels of Figure 3
indicate, respectively, the values of 3He/4He and �Bn from Desai
et al. (2003, 2004). From these colors one sees that events with
rising Fe/O are preferentially associated with large 3He/4He and
�Bn. On the other hand, events with falling Fe/O generally have
smaller 3He/4He and are associated with a full range of �Bn
values. Moreover, the distribution of colors in the right panel
hints that among events with falling Fe/O, Fe/O tends to fall
more steeply among those with smaller values of �Bn.

At �100 keV nucleon�1, Fe/O in these IPS events varies by
about a factor of 5. But at �2 MeV nucleon�1, the variation
spans 2 orders of magnitude. Thus, IPS events exhibit the same
extreme morphologies as the SEP events in Figure 1. This fact
alone suggests that the variability originates in the details of shock
acceleration, and not in two distinct acceleration mechanisms.
However, the behavior is manifested at lower energies in the IPS
events, consistent with the decrease in maximum attainable en-
ergy as the CME-driven shock moves outward from the Sun.

In Figure 4 we plot Fe/O versus �Bn. Each event is represented
by Fe/O at 2.5–5.0 MeV nucleon�1 from the left panel of Fig-
ure 3, except for one event, in which 1.3–1.8 MeV nucleon�1 is
the highest energy at which a measurement is available. The
events in Figure 4 with normalized Fe/O > 1 are those in which
Fe/O rises with energy; the events with normalized Fe/O < 1 are
those in which Fe/O falls with energy. The colors and shapes of
the symbols represent the measured 3He/4He in the IPS event, as
explained in the figure caption.

According to Jokipii (1987) and Webb et al. (1995), the ad-
vantages of quasi-perpendicular geometry become significant
for �Bn exceeding 60

� or 70�, where the particles’ rate of energy
gain starts to rise sharply with increasing �Bn. As marked in

13 We used Fe/C in Fig. 1 because these two abundant minor ions have
maximally different Q/A values. Here we use Fe/O, instead of Fe/C, since the
oxygen spectrum is generally better measured than the carbon spectrum. The O/C
ratio varies relatively little, either event-to-event or with energy within an event,
so that Fe/O and Fe/C (normalized to their coronal values) can be used inter-
changeably in our discussions.

14 The five events with rising Fe/O are numbers 19, 25, 26, 29, and 37 from
the Desai et al. (2003) event list. Desai et al. (2004) also identified a sixth event
(number 2 from their list), in which Fe/O increased by a factor of�3 between 0.1
and 1.0 MeV nucleon�1. At �1.0 MeV nucleon�1 Fe/O in this event was only
2:0� 0:6 times the nominal value (M. Desai 2004, private communication) and
hence the event was not included in our sample. The 18 events with falling Fe/O
are numbers 5, 11, 13, 20, 21, 23, 24, 35, 36, 39, 48, 58, 60, 64, 66, 67, 68, and 69
from the Desai et al. (2003) list. Another event (number 50) also passed our event
selection criteria but was subsequently omitted from this study because ACE
ULEIS was partially saturated for �10 hr around the time of the shock arrival.
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Figure 4, we therefore classify events with �Bn > 70� as quasi-
perpendicular and those with �Bn < 60

�
as quasi-parallel. Sim-

ilar demarcations were suggested by van Nes et al. (1984) and
Tsurutani & Lin (1985) in their studies of electrons and protons
locally accelerated by traveling interplanetary shocks.

Among the noteworthy features of Figure 4 are the following:

1. There are six quasi-parallel IPS events with �BnP 60�, plus
one more in which the error bar on �Bn is large. All of these
events have Fe/O that decreases with energy.
2. The five events with rising Fe/O may all be considered

quasi-perpendicular, since four of them have �Bn � 70� while
the fifth has �Bn ¼ 66� � 8�.
3. Among the 18 events with falling-Fe/O, only one has

3He/4He exceeding 2%. For seven of these events, ACE ULEIS
reported only a 3 � upper limit for 3He/4He that was in all cases
<0.52%. Among the other 11 events for which measurements
are available, the weighted average is 0:54%� 0:03%.
4. By contrast, four of the five events with rising Fe/O also

havemuch larger 3He/4He, in the range�3%–24%. In fact, these
values are the largest in this event sample; they are �70–600
times the solar-wind average, a clear indication that flare rem-
nants are present in the seed population of these events. For the
fifth event with rising Fe/O, ACE ULEIS reported an upper
limit, 3He/4He < 0:65%. However, as already noted, Fe/O and
3He/4He enhancements in flares are not strictly correlated, so that
this low 3He/4He does not rule out the possibility of enhanced
Fe/O in the event’s seed population.

Iron charge states are another indicator of seed population.
The Solar Energetic Particle Charge Analyzer (SEPICA) onACE
has provided a list15 of daily averaged values of QFeh i at 0.23–
0.30MeV nucleon�1. The list has results for 10 of the IPS events
in this survey, including four events in which Fe/O increases
with energy. Three of these four events have QFeh i in the range
15:5� 3:6 to 17:7� 3:3, values generally associated with ions

Fig. 4.—Correlation plot of each IPS event’s Fe/O at 2.5–5.0MeV nucleon�1

(fromWind LEMT) vs. the measured shock angle �Bn (from ACE). For the event
at �Bn ¼ 27� � 16�, the plotted value is from highest energy at which Fe/O is
available, at 1.3–1.8 MeV nucleon�1 (from ACE ULEIS). The Fe/O values are
normalized to the reference value of 0.134 (Reames 1995). Since the polarity of
the magnetic field vector is irrelevant here, the horizontal axis gives the minimum
value of either �Bn or its supplement. Symbol shapes and color indicate 3He/4He
from Desai et al. (2003), as given in the legend at the right, except for the eight
symbols in blue, where the shape gives the 99% confidence-level upper limit, all
of which are <0.65%. We classify shocks with �Bn < 60� as quasi-parallel and
shocks with �Bn > 70� as quasi-perpendicular, as discussed in the text.

15 See http://www.srl.caltech.edu/ACE/ASC/DATA/level3/sepica/Fedaysteps_

v11_ level3.txt.

Fig. 3.—Fe/O vs. energy for 23 traveling IPS events (from Desai et al. 2003) in which the energy dependence is strong. Data points are from ACE ULEIS (�0.1–
2.0MeV nucleon�1),Wind LEMT (�2.5–10MeV nucleon�1), and ACE SIS (10–15MeV nucleon�1). In the left panel, Fe/O is normalized to the nominal coronal value
(0.134; Reames 1995), and the color indicates measured 3He/ 4He in the event at 0.5–2.0 MeV nucleon�1 from ACEULEIS (Desai et al. 2003), as shown in the legend.
( In eight of the events the result is actually an upper limit, as discussed in the text.) In the right panel, Fe/O is normalized to each event’s observed value at 0.08–
0.16 MeV nucleon�1, and the color indicates the value of �Bn (or its supplement, if smaller) from ACE.

TYLKA ET AL.478 Vol. 625



originating in flares. But the six events with decreasing Fe/O all
have QFeh i between 9:4� 0:4 and 11:8� 1:4.

Thus, although the correlations are not perfect, this event sam-
ple suggests a reasonably clear picture: Fe/O strongly increasing
with energy preferentially corresponds to a quasi-perpendicular
shock operating on a seed population with a significant compo-
nent of flare suprathermals. However, these conditions may be
necessary but not sufficient, and other factors, not revealed in this
study, may also come into play. For example, Desai et al. (2004)
have suggested that the detailed spectral characteristics of the
seed population must also be taken into account.16 (Mechanisms
that may cause Fe/O to increase with energy will be discussed in
x 5.) Moreover, one should recognize the statistical limitations of
this analysis: the events with falling Fe/O are equally divided
among those with �Bn � 65

�
and those with �Bn < 65

�
. If the

same distribution actually applied to the events with rising Fe/O,
there is a�3% chance that all five of them randomly appeared at
�Bn > 65

�
.

Of course, it should also be emphasized that we are examining
here only IPS events in which Fe/O has an extremely strong en-
ergy dependence. For most of the Desai et al. (2003) IPS events,
the energy dependence is more gentle, but with Fe/O at various
levels. (This is also true for most SEP events.) Among such
events, different circumstances may have produced similar re-
sults. For example, Fe/O enhanced at all energies could occur
if the injection threshold were sufficiently high that only flare-
remnants could be accelerated by the shock or if the flare-
remnants were simply so numerous that they dominated the seed
population. Such events naturally make it difficult to identify po-
tentially relevant factors; it is for this reason that we have focused
on extreme events.

Finally, we examine more closely the events in which Fe/O
decreases with energy. To do this, we took Fe/O versus energy at
0.08–1.3 MeV nucleon�1 and fitted it to an exponential of the
form exp (�E ), where E is the energy and � is a fit parameter. In
Figure 5 the fitted values of � are plotted versus �Bn. We have
omitted events in which the uncertainty in �Bn is 10

� or more. For
the events at �Bn < 70

�
, there is a reasonably clear correlation, by

which smaller �Bn corresponds to a steeper fall in Fe/O. Most of
the events with �Bn > 80� have a relatively slow falloff in Fe/O
with energy. However, there are also two significant outliers
above 80�, perhaps reflecting the case where the locally mea-
sured �Bn is not representative of the accelerator or other com-
plexities among relevant factors at quasi-perpendicular shocks.

In summary, this sample of IPS events with strongly energy-
dependent Fe/O is too small to provide definitive conclusions,
especially when one considers the potential for obscuring compli-
cations. Nevertheless, these results suggest that both seed pop-
ulation and shock geometry play critical roles in this behavior.

3. SEP EVENTS AND SHOCK GEOMETRY

For SEP events we have no direct measure of �Bn when the
CME-driven shock is still near the Sun. We must therefore rely
on correlations amongmeasurable quantities to test the plausibil-
ity of our hypothesis. Our notion is that flare ions in the seed pop-
ulation can effectively reveal the presence of a quasi-perpendicular

shock.We therefore use Fe/O at 30–40MeV nucleon�1 as a crude
proxy for shock geometry, with enhanced Fe/O indicating a quasi-
perpendicular shock. This particular energy bin is the highest at
which we have measurable Fe/O in a large number of events.

To identify SEP events for this study, we examined protons
above 30 MeV, as reported by GOES-8 or (after 2003 April 12)
GOES-11. Our sole selection criterionwas that the event-integrated
fluence of >30 MeV protons exceed 2 ; 105 cm�2 sr�1. This
energy biases our measure of size toward particles accelerated
near the Sun (Cane et al. 2003). This fluence threshold selects
events for which the >30 MeV proton fluence was �20 times
larger than that of the biggest impulsive event of cycle 23 (2002
August 20: Leske et al. 2003; Reames & Ng 2004).

Between 1997 November 1 and 2004 April 30, we found 44
events that met this criterion. ACE SIS is sufficiently large that it
measured Fe and O above 30 MeV nucleon�1 in all but one of
these events. (That one event had its associated flare at helio-
longitude E79�.) Since the selection was made on the basis of
protons alone, this event sample provides an essentially unbiased
survey of high-energy heavy-ion characteristics in the large solar
proton events of solar cycle 23. Table 1 lists the events, including
the associated CME speed, source longitude, >30 MeV proton
fluence, and whether or not the event was a GLE. The table also
gives the value of Fe/O at 30–40MeV nucleon�1 from ACE SIS
and, for comparison, at 3.2–5.0 MeV nucleon�1 from Wind
LEMT. The table also contains spectral information for oxygen
and iron, as will be discussed below. Throughout this analysis,
estimates of contemporaneous Galactic cosmic rays (as modeled
from 27 day averages from the Cosmic Ray Isotope Spectrom-
eter on ACE [Stone et al. 1998b]) and anomalous cosmic rays
(from solar-quiet observations from ACE SIS [Leske et al. 2000]
andWind LEMT [Reames & MacDonald 2003]) have been sub-
tracted from the measured intensities.

3.1. Event Size

Event size can be influenced by a number of factors, including
shock geometry. Because quasi-perpendicular shocks tend to

16 For each of the IPS events, Desai et al. (2003) identified a preceding
‘‘upstream’’ time interval whose characteristics they believe to be representative
of the shock’s seed population. In one of the events in which Fe/O increases with
energy (number 37 from their list), they found the same energy dependence in
Fe/O at the shock and in the upstream interval, so that the ratio of Fe/O at the
shock to Fe/O in the upstream interval was independent of energy, at least at
�0.1–1.0 MeV nucleon�1. However, this behavior was not observed in the
other events in which Fe/O increases with energy.

Fig. 5.—Correlation plot of � vs. �Bn, where � is determined from a fit of
Fe/O vs. energy at 0.08–1.3MeV nucleon�1 to the form exp (�E) for IPS events
in which Fe/O decreases with energy E. Events in which the uncertainty in �Bn
is 10� or more have been omitted. The correlation fit is only to events with
�Bn < 70�. The correlation coefficient r ¼ 0:867 for N ¼ 8 data points corre-
sponds to a random probability of <0.5%.
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TABLE 1

Large Gradual Solar Energetic Particle Events of Solar Cycle 23

Fe/O/0.134a Oxygen Power-Law Index Iron Power-Law Index

Event No.

(1)

Event Interval
b

(2)

CME Speed
c

( km s�1)

(3)

Source

Location
d

(deg)

(4)

>30 MeV

Proton Fluence
e

(cm�2 sr�1)

(5)

GLEf

(6)

Wind LEMT

(3.2–5.0 MeV

nucleon�1)

(7)

ACE SIS

(30–40 MeV

nucleon�1)

(8)

Wind LEMT

(3–10 MeV

nucleon�1)

(9)

ACE SIS

(30–100 MeV

nucleon�1)

(10)

Wind LEMT

(3–10 MeV

nucleon�1)

(11)

ACE SIS

(21–100 MeV

nucleon�1)

(12)

1.................... 1997 Nov 4 07:00–1997 Nov 6 11:00 785 S14, W33 6.71e+05 N 4.23 � 0.05 3.03 � 0.23 2.75 � 0.08 3.16 � 0.39 2.37 � 0.08 3.36 � 0.20

2.................... 1997 Nov 6 14:00–1997 Nov 10 00:00 1556 S18, W63 1.22e+07 Y 3.15 � 0.02 5.78 � 0.10 2.53 � 0.08 2.48 � 0.12 1.78 � 0.08 2.43 � 0.07

3.................... 1998 Apr 20 12:00–1998 Apr 26 00:00 1863 S, W90 2.77e+07 N 2.13 � 0.01 0.019 � 0.003 1.16 � 0.08 6.43 � 0.33 2.64 � 0.08 8.04 � 0.60

4.................... 1998 May 2 14:00–1998 May 4 00:00 938 S15, W15 1.50e+06 Y 5.03 � 0.11 4.93 � 0.32 2.36 � 0.07 2.39 � 0.19 1.78 � 0.09 2.45 � 0.15

5.................... 1998 May 6 08:00–1998 May 8 12:00 1099 S11, W65 6.55e+05 Y 4.53 � 0.06 3.99 � 0.44 2.99 � 0.08 3.16 � 0.18 2.44 � 0.09 4.24 � 0.33

6.................... 1998 Aug 24 23:00–1998 Aug 27 18:00 . . . N35, E09 3.65e+06 Y 0.406 � 0.006 0.84 � 0.09 3.28 � 0.08 6.27 � 0.45 3.27 � 0.11 2.04 � 0.20

7.................... 1998 Sep 30 14:00–1998 Oct 3 00:00 . . . N19, W85 3.50e+06 N 1.62 � 0.01 1.68 � 0.07 2.55 � 0.08 4.05 � 0.19 2.02 � 0.09 3.77 � 0.12

8.................... 1998 Nov 14 07:00–1998 Nov 17 00:00 . . . N, W120 2.51e+06 N 3.70 � 0.03 4.46 � 0.13 2.00 � 0.08 3.85 � 0.19 1.50 � 0.09 3.34 � 0.09

9.................... 1999 Jun 1 20:00–1999 Jun 4 06:00 1772 N, W120 4.20e+05 N 0.83 � 0.02 4.73 � 0.30 2.37 � 0.08 2.69 � 0.24 1.46 � 0.09 2.73 � 0.13

10.................. 1999 Jun 4 0800–1999 Jun 8 00:00 2230 N17, W69 2.45e+05 N 0.80 � 0.01 2.50 � 0.35 3.81 � 0.08 4.91 � 0.73 3.21 � 0.09 3.45 � 0.30

11.................. 2000 Jun 10 18:00–2000 Jun 13 12:00 1108 N22, W40 2.95e+05 N 5.03 � 0.15 4.56 � 0.68 2.94 � 0.09 4.39 � 0.69 2.31 � 0.10 3.45 � 0.26

12.................. 2000 Jul 14 11:00–2000 Jul 17 00:00 1674 N22, W07 3.42e+08 Y 3.97 � 0.01 0.57 � 0.02 1.08 � 0.08 4.83 � 0.19 1.72 � 0.08 3.73 � 0.12

13.................. 2000 Sep 12 13:00–2000 Sep 16 12:00 1550 S17, W09 9.42e+05 N 0.242 � 0.003 3.10 � 0.53 3.99 � 0.08 4.25 � 0.64 3.39 � 0.10 4.07 � 0.40

14.................. 2000 Oct 16 08:00–2000 Oct 20 12:00 1336 N, W95 2.02e+05 N 3.36 � 0.06 5.02 � 1.81 2.56 � 0.08 3.36 � 0.47 2.02 � 0.09 3.65 � 0.23

15.................. 2000 Nov 8 23:00–2000 Nov 11 12:00 1345 N10, W75 2.53e+08 N 3.22 � 0.01 0.041 � 0.006 1.63 � 0.08 4.67 � 0.17 1.92 � 0.08 7.16 � 1.04

16g ................ 2000 Nov 24 0600–2000 Nov 28 12:00 994 N22, W07 3.62e+06 N 1.10 � 0.01 0.69 � 0.04 2.72 � 0.08 4.95 � 0.24 2.41 � 0.09 4.19 � 0.21

17.................. 2001 Jan 28 1800–2001 Feb 1 00:00 916 S04, W59 2.86e+05 N 1.83 � 0.04 4.36 � 0.60 3.70 � 0.08 3.92 � 0.58 2.64 � 0.10 3.54 � 0.26

18.................. 2001 Mar 29 12:00–2001 Apr 1 06:00 942 N16, W12 2.83e+05 N 3.35 � 0.04 2.63 � 0.25 2.78 � 0.08 4.13 � 0.42 2.48 � 0.09 4.06 � 0.25

19.................. 2001 Apr 2 23:00–2001 Apr 6 00:00 2505 N17, W78 7.62e+06 N 2.42 � 0.01 1.90 � 0.05 2.12 � 0.08 3.90 � 0.15 2.06 � 0.08 3.64 � 0.09

20.................. 2001 Apr 10 08:00 –2001 Apr 12 12:00 2411 S23, W09 1.52e+06 N 0.88 � 0.01 0.76 � 0.04 3.24 � 0.08 4.78 � 0.20 2.68 � 0.09 5.13 � 0.23

21.................. 2001 Apr 12 12:00–2001 Apr 14 16:00 1184 S20, W42 5.14e+05 N 0.90 � 0.02 1.58 � 0.55 3.59 � 0.08 4.40 � 0.92 3.24 � 0.11 4.02 � 0.58

22.................. 2001 Apr 15 14:00–2001 Apr 18 04:00 1199 S20, W84 1.16e+07 Y 2.55 � 0.02 4.78 � 0.19 2.61 � 0.08 2.51 � 0.15 2.31 � 0.09 2.20 � 0.08

23.................. 2001 Apr 18 04:00–2001 Apr 22 00:00 2465 S W120 3.56e+06 Y 1.55 � 0.02 2.95 � 0.19 2.50 � 0.08 3.14 � 0.22 2.46 � 0.09 2.40 � 0.11

24.................. 2001 Aug 16 01:00–2001 Aug 19 00:00 1575 W140, ? 7.37e+06 N 1.33 � 0.02 0.80 � 0.03 1.48 � 0.08 3.63 � 0.16 1.45 � 0.09 3.51 � 0.11

25.................. 2001 Sep 24 11:00–2001 Sep 30 00:00 2402 S16, E23 9.74e+07 N 0.96 � 0.01 0.091 � 0.006 2.06 � 0.08 5.08 � 0.16 2.17 � 0.09 5.69 � 0.30
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TABLE 1—Continued

Fe/O/0.134a Oxygen Power-Law Index Iron Power-Law Index

Event No.

(1)

Event Interval
b

(2)

CME Speed
c

( km s�1)

(3)

Source

Location
d

(deg)

(4)

>30 MeV

Proton Fluence
e

(cm�2 sr�1)

(5)

GLEf

(6)

Wind LEMT

(3.2–5.0 MeV

nucleon�1)

(7)

ACE SIS

(30–40 MeV

nucleon�1)

(8)

Wind LEMT

(3–10 MeV

nucleon�1)

(9)

ACE SIS

(30–100 MeV

nucleon�1)

(10)

Wind LEMT

(3–10 MeV

nucleon�1)

(11)

ACE SIS

(21–100 MeV

nucleon�1)

(12)

26.................. 2001 Oct 1 13:00–2001 Oct 5 00:00 1405 S20, W88 6.73e+06 N 0.55 � 0.04 0.50 � 0.12 1.99 � 0.08 6.91 � 0.49 3.02 � 0.10 3.86 � 0.55

27.................. 2001 Oct 22 16:00–2001 Oct 26 12:00 1336 S21, E18 3.64e+05 N 1.06 � 0.05 5.69 � 1.06 3.57 � 0.09 3.08 � 0.67 2.09 � 0.12 2.43 � 0.26

28.................. 2001 Nov 4 17:00–2001 Nov 9 00:00 1810 N06, W18 2.71e+08 Y 1.80 � 0.01 0.31 � 0.03 1.16 � 0.08 4.16 � 0.20 2.02 � 0.09 3.52 � 0.24

29.................. 2001 Nov 22 21:00–2001 Nov 26 00:00 1443 S15, W34 6.74e+07 N 1.10 � 0.003 0.45 � 0.03 2.16 � 0.08 5.08 � 0.22 2.76 � 0.09 4.13 � 0.22

30.................. 2001 Dec 26 06:00–2001 Dec 29 09:00 1406 N08, W54 6.67e+06 Y 1.49 � 0.01 4.18 � 0.12 2.52 � 0.08 3.01 � 0.16 1.81 � 0.09 2.70 � 0.09

31h ................ 2001 Dec 30 12:00–2002 Jan 4 00:00 ? ? 7.62e+05 N 0.68 � 0.01 0.19 � 0.05 2.83 � 0.08 7.61 � 0.70 3.11 � 0.09 6.20 � 1.26

32i................. 2002 Jan 10 00:00–2002 Jan 14 00:00 1794 S18, E79 2.69e+05 N 0.115 � 0.004 . . . 3.72 � 0.08 . . . 4.54 � 0.20 . . .

33.................. 2002 Apr 21 00:00–2002 Apr 24 00:00 2409 S14, W84 5.28e+07 N 1.31 � 0.004 0.14 � 0.01 1.83 � 0.08 5.95 � 0.19 2.15 � 0.08 5.40 � 0.25

34.................. 2002 May 22 06:00–2002 May 25 00:00 1494 S22, W53 3.52e+05 N 0.281 � 0.005 0.43 � 0.07 3.59 � 0.08 4.85 � 0.39 2.40 � 0.09 5.53 � 0.50

35i................. 2002 Jul 16 12:00–2002 Jul 19 00:00 1132 N19, W01 2.53e+05 N 0.47 � 0.01 0.88 � 0.22 3.44 � 0.08 5.44 � 0.65 2.58 � 0.10 3.52 � 0.95

36.................. 2002 Jul 21 00:00–2002 Jul 26 00:00 1941 S E90 5.13e+05 N 0.62 � 0.01 0.56 � 0.10 2.41 � 0.08 5.69 � 0.43 2.35 � 0.09 3.70 � 0.45

37.................. 2002 Aug 22 00:00–2002 Aug 24 00:00 1005 S07, W62 4.08e+05 N . . . 4.64 � 0.75 . . . 3.98 � 0.68 . . . 3.55 � 0.29

38.................. 2002 Aug 24 00:00–2002 Aug 27 00:00 1878 S02, W81 3.86e+06 Y 1.17 � 0.01 4.61 � 0.26 2.96 � 0.07 3.33 � 0.23 2.55 � 0.09 2.79 � 0.11

39.................. 2002 Nov 9 14:00–2002 Nov 12 00:00 1838 S12, W29 4.28e+05 N 0.93 � 0.01 0.25 � 0.12 3.00 � 0.08 6.01 � 0.54 3.44 � 0.09 6.01 � 0.30

40.................. 2003 Oct 26 18:00–2003 Oct 28 00:00 1537 N02, W38 1.46e+06 N 1.58 � 0.01 1.21 � 0.08 2.43 � 0.08 3.59 � 0.17 2.51 � 0.09 3.55 � 0.13

41.................. 2003 Oct 28 11:00–2003 Oct 29 16:00 2459 S16, E08 2.43e+08 Y 4.36 � 0.01 0.068 � 0.012 0.80 � 0.08 4.82 � 0.18 1.88 � 0.08 3.31 � 0.26

42.................. 2003 Oct 29 21:00–2003 Nov 2 00:00 2029 S15, W02 4.16e+07 Y 2.50 � 0.01 0.83 � 0.04 1.78 � 0.08 4.05 � 0.16 2.05 � 0.08 3.40 � 0.10

43.................. 2003 Nov 2 17:00–2003 Nov 4 20:00 2598 S14, W56 1.56e+07 Y 1.10 � 0.003 0.57 � 0.04 1.93 � 0.08 4.87 � 0.18 2.58 � 0.08 3.84 � 0.14

44.................. 2003 Nov 4 21:00–2003 Nov 8 00:00 2657 S19, W83 2.58e+06 N 0.598 � 0.004 0.44 � 0.05 3.18 � 0.08 5.42 � 0.26 3.40 � 0.09 3.97 � 0.26

a Normalized to the nominal coronal value, 0.134 (Reames 1995).
b Date and UT of start and stop of the integration interval.
c From one-parameter fits to the LASCO time-height profiles, as given by http://cdaw.gsfc.nasa.gov/CME_list. The measured speeds do not take into account potential projection effects. The Web site does not report

error bars on the fitted speeds, but comparisons of results from independent analyses of the LASCO images suggest that the uncertainties are likely to be on the order of 10%–20% (M. Andrews, A. Reinard, S. Kahler, &
S. Yashiro 2004, private communications).

d From Cane et al. (2002, 2003) whenever possible; later events from Solar Geophysical Data or other sources, as detailed in the text.
e From GOES-8 or (in 2003) GOES-11. Read ‘‘2.00e+07’’ as 2:00 ; 107. The event selection required this fluence to be greater than 2:0 ; 105 protons cm�2 sr�1.
f N = no; Y = reported by least one neutron monitor station.
g Multiple events.
h Solar source not identified (Gopalswamy 2003).
i Delayed onset at 1 AU. Flare and CME associations provided by http://umbra.nascom.nasa.gov/SEP/seps.html.
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require a higher injection energy, they generally draw from a
smaller seed population than quasi-parallel shocks. Therefore,
unless the overall injection efficiency is significantly higher for
quasi-perpendicular shocks (which is unlikely), we would gen-
erally expect quasi-perpendicular events to have smaller fluences
than quasi-parallel events. Van Nes et al. (1984) noted that the
largest traveling IPS events had 30

� < �Bn < 60
�
. Desai et al.

(2004) found that the IPS events with Fe/O increasing with en-
ergy were among the smallest events in their sample.

Figure 6 shows the correlation of high-energy Fe/O versus
event size, as measured by the event-integrated proton fluence
above 30 MeV. The events with enhanced Fe/O tend to have
smaller fluences. High-energy Fe/O is not enhanced in any of the
largest events, in which the fluence exceeds �2 ; 107 protons
cm�1 sr�1. Given the many factors that can affect event size, one
should not conclude that Fe-rich events cannot have large flu-
ences. (The extraordinary SEP events of 1989 September and
October [Tylka&Dietrich 1999] come tomind.) Rather, Figure 6
suggests that enhanced high-energy Fe/O is rare among the larg-
est events.

(Among these very large fluence events are three far-western
events, 1998 April 20 [W90� with 2:8 ; 107 protons cm�2 sr�1

above 30 MeV], 2000 November 8 [W75
�
, 2:5 ; 108 protons

cm�1 sr�1], and 2002 April 21 [W84�, 5:3 ; 107 protons cm�2

sr�1]. In these events, the >30MeV fluence was not significantly
increased when the flank of the shock arrived at Earth. These
events contradict the often-heard assertion that very large flu-
ences are found only in events from near central meridian, with a
large shock-related increase at 1 AU.)

It should be noted that if enhanced high-energy Fe/O were
solely due to a seed population augmented by flare particles, with
no other factors coming into play, we should expect the Fe-rich
events to be larger, at least on average. This is not what we see in
Figure 6.

3.2. Spectral Characteristics

Shock geometry has important consequences for spectral shape.
In particular, the upstreammagnetic field is one of the factors con-
trolling escape from the shock region,with the quasi-perpendicular
geometry tending to retain particles in the shock region and
thereby producing harder spectra at high energies. One therefore

expects the e-folding energy E0 in F(E ) � E�� exp (�E /E0) to
scale as something like (sec �Bn)

2=(2��1) (Lee 2005), where � is
the power-law index at the shock. Thus, in general, onewould ex-
pect quasi-perpendicular shocks to show less pronounced spec-
tral rollovers at high energies and to be more like power laws.
The top half of Figure 7 shows time-dependent oxygen spectra

from ACE SIS at 10–90 MeV nucleon�1 covering the first 7 hr
of the 2002 April 21 and 2002 August 24 events. During the first
hour of the events, there is no discernible difference between the
spectra within this limited energy range, except for size. After
that, the spectral differences are clear: the candidate quasi-parallel
event (April) is larger and has a relatively soft spectrum at the
highest energies, while the candidate quasi-perpendicular event
(August) is smaller but with a relatively hard spectrum. These
differences are evident from almost the very beginning, suggest-
ing that they do indeed reflect inherent characteristics of the ac-
celerator while near the Sun.
The bottom half of Figure 7 shows iron spectra for these same

time periods. The qualitative difference in the spectral character
of the two events is again evident. One also sees that in the April
event, iron above �20 MeV nucleon�1 has a softer spectrum
than oxygen from the very beginning. By contrast, in the August
event, oxygen and iron have nearly identical spectral shapes in
the first 3 hr. After that, iron is clearly harder than oxygen.
Figure 8 shows event-averaged oxygen and iron spectra for

these two events. Of course, event-averaged spectra integrate
over evolution in the shock geometry as the shock moves out-
ward. Nevertheless, for both species, the departure from a power
law is clearly more severe at the highest energies in the April
event than in the August event. Figure 8 also reveals the spectral
origin of the compositional differences in Figure 1: in the April
event, Fe at high-energies rolls over more steeply than oxygen.
But in the August event, at high energies Fe has a harder power
law than oxygen (Tylka et al. 2002).
We now focus on the oxygen spectrum since, unlike Fe, its

interpretation is not potentially complicated by a wide range of
Q/A values. (We discuss Fe spectra further in x 4.2.) To char-
acterize spectral steepening in other events, we fit portions of the
event-averaged oxygen spectra to two independent power laws,
one (E��1 ) at 3–10 MeV nucleon�1 and the other (E��2 ) at 30–
100 MeV nucleon�1. Data for the former come from Wind
LEMT; for the latter, primarily from ACE SIS but with a few ad-
ditional measurements from the University of Chicago’s Cosmic
Ray Nuclei Experiment (CRNE; Garcia-Munoz et al. 1975) on
IMP8 in the larger events (Tylka & Dietrich 1999; Tylka et al.
2002). The values of �1 and �2 are listed in columns (9) and (10)
of Table 1. The spectra are not necessarily broken power laws.
Nevertheless, as illustrated schematically in the left panel of
Figure 8, we can use the difference between these indices,
�2 � �1, to provide a measure of spectral steepening. For a weak
spectral rollover (the quasi-perpendicular case), we would expect
�2 � �1 � 0. However, for a strong rollover (the quasi-parallel
case), �2 � �1 > 0.
Wewould therefore expect an anticorrelation between �2 � �1

and the high-energy Fe/O. This anticorrelation is indeed what we
see in Figure 9.
It is important to remember that there are no selection biases in

Figure 9: the events were chosen on the basis of proton fluence
and without reference to their heavy-ion characteristics. One
might also worry about ‘‘innate’’ biases, arising from the role of
oxygen in the quantities on both axes. But a moment’s thought
shows that the trends in Figure 9 are the opposite from what one
might expect on that basis: the softest high-energy oxygen

Fig. 6.—Correlation of event-integrated Fe/O at 30–40 MeV nucleon�1

from ACE SIS vs. the event-integrated proton fluence above 30 MeV from
GOES. The correlation coefficient between these variables is �0.401.
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Fig. 7.—Temporal evolution in oxygen (top) and iron (bottom) spectra at >10 MeV nucleon�1 from ACE SIS in the 2002 April 21 (blue, filled circles) and 2002
August 24 (red, open triangles) events. The panels cover the first 7 hr of the events. (Coincidentally, the two events began at nearly the same UT: the starts of theGOES
soft X-rays were at 0043 and 0049 UT, respectively; the estimated launch times of the CMEs were 0117 and 0057 UT, respectively; reported onsets of the metric type II
bursts were 0118 and 0101 UT, respectively; and >100 MeV protons were first detected above 0.1 p cm�2 sr�1 s�1 on GOES at 0145 and 0125 UT, respectively. Thus,
spectra at the same UTare at comparable points in the events’ evolution.) The curves are fits to the functional form F(E ) � E�� exp (�E=E0), which roughly describes
the data.



Fig. 8.—Event-averaged oxygen (left panel ) and iron (right panel ) spectra in the 2002 April 21 (blue) and 2002 August 24 (red ) events. Symbols are as in Fig. 1. The
curves through the data points are fits to the Ellison &Ramaty functional form (for the April event) and the double power law Band et al. (1993) functional form (for the
August event). Power-law fits at 3–10 MeV nucleon�1 (E��1 ) and 30–100 MeV nucleon�1 (E��2 ) are used to quantify the spectral steepening, as described in the text.

Fig. 9.—Correlation of event-integrated Fe/O at 30–40 MeV nucleon�1 vs. spectral steepening of the oxygen spectrum, as described in the text. The weighted
correlation coefficient for these data points is�0.859. The Fe-rich events tend to be more like power laws. One of the events from Table 1 (2002 August 22) is missing
because of a partialWind data gap. The symbol size and color indicate the event-integrated fluence of >30 MeV protons from GOES, as given in the legend at the right.



spectra (on the right side of the plot) correspond to suppressed
Fe/O.

The weighted correlation coefficient for the data points in
Figure 9 is �0.859; for uncorrelated variables, this value corre-
sponds to random probability of <10�5. Accordingly, the cor-
relation is highly significant. There are no events in the upper
right, corresponding to strong Fe enhancements while the oxy-
gen spectrum steeply rolls over; and there are no events in the
lower left, where Fe would be suppressed while oxygen was
nearly a power-law spectrum. As we have already noted, these
correlations fall out naturally from our hypothesized connection
between shock geometry and accessible seed populations. The
behavior in Figure 9 is also a powerful constraint for alternative
hypotheses and future SEP modeling efforts.

It is interesting to note that Figure 9 shows no events with
a statistically significant level of spectral hardening, that is,
�2 � �1 < 0. In general one would expect to see spectral hard-
ening if two distinct acceleration mechanisms, with one mech-
anism substantially more prolific at accelerating to high energies,
were operating. (This point is discussed further in x 4.2.)

3.3. Presence of GeV Particles

As already noted, quasi-perpendicular shocks are particularly
effective at producing GeV particles. According to our hypoth-
esis, we would therefore generally expect GLEs to be Fe-rich at
high energies. This expectation need not always be true, in that
flare Fe might not be available in the seed population of some
events. Using data from the IMP8 CRNE, Dietrich & Lopate
(1999) first reported a tendency for GLEs to have enhanced Fe/O
above �50 MeV nucleon�1.

Table 2 summarizes IMP8CRNE observations of high-energy
Fe/O for 25 GLEs of solar cycles 21 and 22. The table includes
the numbers of Fe and O ions from roughly commensurate en-
ergy bins, as well as the Fe/O ratio. Most of the Fe/O measure-
ments are at 47–80 MeV nucleon�1. The numbers of Fe ions at
this energy have been corrected for a priority scheme that tele-
meters only two-thirds of them compared to the oxygen ions,
which come to rest at a deeper level in the detector stack. As
noted in the table, a few of the Fe/O results are at 97–175 MeV
nucleon�1, where no priority corrections are required. In all of
these events, instrumental backgrounds and the expected num-
bers of Galactic Fe ions are negligible, generally <0.01, and in
no case more than 0.15 ion. By examining particle time-intensity
profiles prior to each event, we found one GLE (1979August 21)
in which the high-energy Fe ions were dominated by the decay
phase of an earlier SEP event. That GLE was dropped from
the analysis and is not listed in Table 2. Otherwise, none of the
GLEs in Table 2 had a significant contamination of high-energy
Fe ions from preceding SEP events.

There are five GLEs in Table 2 (numbers 34, 35, 37, 40, and
50) in which IMP8 CRNE collected fewer than 10 oxygen ions.
In these five events, the Fe/O ratio is enhanced compared to the
nominal coronal value of 0.134 (Reames 1995), at least on av-
erage: adding up the numbers of ions in those events in Table 2,
one finds �22 iron ions and 21 oxygen ions. Setting aside these
low-statistics GLEs, 18 of the remaining 20 GLEs (that is, 90%)
have Fe/O that is enhanced relative to the nominal coronal value
by a factor of 2 or more. In two of these events (numbers 36 and
42), Fe/O rises with energy so that the enhancement does not be-
come evident until the higher energy bin atk100MeV nucleon�1.

Figure 10 shows event-integrated Fe/O measurements from
Wind LEMT, ACE SIS, and IMP8 CRNE at 3–197 MeV
nucleon�1 in the 13 GLEs of 1997–2003. These events exhibit a

wide range of behaviors when viewed over this energy range.
The most complicated energy dependence, in which Fe/O drops
and then rises at the highest energies, is most often observed in
events with source regions near the center of the solar disk. The
events with western source longitudes tend to have simpler en-
ergy dependence.

For the purposes of this discussion, we focus on high energies,
above �40 MeV nucleon�1. Prior to 2003 October, solar cycle
23GLEswere consistent with the event statistics of cycles 21 and
22: eight of the 10 events showed enhanced Fe/O at �40 MeV
nucleon�1, and in another one (2000 July 14), the enhancement
became apparent at higher energies. Only one of these 10 events
(2001 November 4) failed to exhibit enhanced Fe/O at high-
energy.17 However, the three exceptionally powerful events that
arose from the same active region on 2003October 28–November
2 did not attain strong high-energy Fe/O enhancements, at least
not at energies accessible to ACE SIS. (But in all three events,
Fe/O increases with energy above �40 MeV nucleon�1.) It is
perhaps relevant that these events occurred late in the solar cycle,
after the general level of flare activity had significantly decreased.

Overall, in Table 2 and Figure 10, 33 of the 38 GLEs (that is,
87%) have measured Fe/O at more than twice the nominal co-
ronal value at energies of �40 MeV nucleon�1 or higher. By
comparison, only 14 of the 30 non-GLEs in Table 1 (47%) ex-
hibit this characteristic. Thus, high-energy Fe/O enhancements
are significantly more common among GLEs. This is another
important challenge for alternative hypotheses and future SEP
modeling efforts.

3.4. Event Duration at High Energies

Tsurutani & Lin (1985) noted that quasi-perpendicular shocks
at 1 AU produce ‘‘spikes’’ in proton time-intensity profiles,
whereas quasi-parallel shocks tended to produce profiles with
longer lasting ‘‘plateaus.’’ Similar behavior might also be ex-
pected among the high-energy particles produced near the Sun.
In a quasi-parallel configuration, the shock can remain in contact
with a given group of magnetic flux tubes for an extended period
of time, producing a time-intensity profile that is comparatively
flat. In the quasi-perpendicular case, on the other hand, the shock
generally crosses quickly over the group of flux tubes, resulting
in a more impulsive-looking ‘‘spike’’ in the profile. These time-
structure effects would be less apparent at low energies, which
can be produced over a broader extent of the shock front.

A suggestion of this behavior is seen in Figure 11, which
shows the GOES proton time lines for the events of Figure 1.
Apart from normalization, the shapes of the >10 MeV profiles
are similar in the two events. But this is not the case at the higher
energies that are more relevant to our hypothesis about near-Sun
shock geometry. Whereas the >50 and >100 MeV protons are
constant for nearly a day in the (quasi-parallel) April event, they
decline sharply within a few hours after the peak in the (quasi-
perpendicular) August event. (It is important to remember that
the CMEs and flare locations in these two events are nearly
identical; the difference in the high-energy proton profiles there-
fore cannot be casually dismissed as a consequence of ‘‘con-
nection.’’) In fact, the high-energy profiles in the August event
are nearly classic examples of a short-lived accelerator at the
Sun, followed by diffusion to 1 AU.

17 SAMPEXmeasured QFeh i ¼ 12� 1 andQO ¼ 6:6� 0:3 above�25MeV
nucleon�1 in this event (Labrador et al. 2003). These relatively low charge states
may suggest a paucity of flare remnants in the seed population for this particular
event.
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TABLE 2

High-Energy Fe/O from IMP8 in Ground Level Events, Solar Cycles 21 and 22

GLE No.a
Start Date

(UT)

Start Time

(UT) Source Locationb
Ion Accumulation Time

(hr)

Number of Iron Ionsc

(47–80 MeV nucleon�1)

Number of Oxygen Ions

(43–86 MeV nucleon�1)

Fe/O/0.134d

(47–80 MeV nucleon�1)

27e ........................ 1976 Apr 30 20:00 S08, W46 12.0 9.0 13 9:0þ5:4
�3:6

28.......................... 1977 Sep 19 10:00 N08, W57 30.0 39.0 38 11.0 � 2.2

29.......................... 1977 Sep 24 06:00 N10, W120 27.0 123.0 125 9.2 � 1.0

30.......................... 1977 Nov 22 10:00 N24, W40 26.0 28.5 45 6.7 � 1.5

31.......................... 1978 May 7 03:00 N23, W72 16.0 7.5 16 4:9þ3:3
�2:1

32.......................... 1978 Sep 23 10:00 N35, W50 30.0 22.5 28 8:9þ2:9
�2:3

34.......................... 1981 Apr 10 16:00 N07, W36 24.0 3.0 4 10þ13
�6

35.......................... 1981 May 10 07:00 N03, W75 24.0 1.5 3 8þ19
�7

36f......................... 1981 Oct 12 06:00 S18, E31 50.0 4 13 4:1þ3:2
�1:9

37.......................... 1982 Nov 26 02:00 S12, W87 12.0 4.5 8 6:2þ6:0
�3:3

38.......................... 1982 Dec 7 23:00 S19, W86 32.0 19.5 39 5:4þ1:9
�1:5

39.......................... 1984 Feb 16 09:00 S, W130 24.0 10.5 18 6:3þ3:4
�2:3

40.......................... 1989 Jul 25 08:00 N26, W85 24.0 3.0 1 22þ110
�16

41.......................... 1989 Aug 16 01:00 S15, W85 26.0 33.0 87 4.1 � 0.9

42f......................... 1989 Sep 29 11:00 S24, W105 72.0 22 77 3.3 � 0.7

43f......................... 1989 Oct 19 12:00 S25, E09 24.0 48 138 3.6 � 0.6

44f......................... 1989 Oct 22 18:00 S27, W32 36.0 2 19 1:2þ1:6
�0:8

45f......................... 1989 Oct 24 18:00 S29, W57 50.0 27 77 3.9 � 0.8

46.......................... 1989 Nov 15 06:00 N11, W28 17.0 7.5 16 5:0þ3:4
�2:4

47.......................... 1990 May 21 22:00 N34, W37 53.0 33.0 21 15.5 � 3.5

48.......................... 1990 May 24 20:00 N36, W76 36.0 28.5 34 8.9 � 2.0

49.......................... 1990 May 26 21:00 N35, W103 32.0 9.0 15 8:2þ4:9
�3:2

50.......................... 1990 May 28 04:00 N35, W120 84.0 10.5 5 24þ18
�10

52.......................... 1991 Jun 15 08:00 N36, W70 42.0 1.5 52 0:4þ0:9
�0:3

53.......................... 1992 Jun 25 20:00 N09, W69 41.0 24.0 99 2.5 � 0.6

a From the catalog of ground-level events provided by the Australian Antarctic Data Center at http://aadc-maps.aad.gov.au /aadc/gle/index.cfm. Three GLEs have been omitted from this table: No. 33 (1979
August 21; Fe/O dominated by the decay phase of a previous event); No. 51 (1991 June 11; no IMP8 data coverage); and No. 54 (1992 November 2; no IMP8 data coverage in the first 12 hr).

b From Shea & Smart (1993).
c Numbers have been corrected for a priority scheme that records only two-thirds of the Fe ions registered in this energy bin. No priority correction is required for the oxygen ions, which come to rest at

deeper levels in the detector stack.
d Normalized to the nominal coronal value (0.134; Reames 1995) and corrected for priority scheme, Galactic and anomalous cosmic-ray oxygen backgrounds, and the difference in oxygen and iron energy

intervals.
e Combined data from nearly identical instruments on IMP8 and IMP7.
f These results are from higher energies: Fe ions at 97–175 MeV nucleon�1, O ions at 86–180 MeV nucleon�1, and Fe/O ratio corrected to the common interval 97–175 MeV nucleon�1. Because of the very

high count rates in these events, the priority corrections required to evaluate Fe/O at 47–80 MeV nucleon�1 are larger than usual. We quote these higher energy values, for which no priority corrections are
needed. Fe/O increases with energy in the 1981 October 12 and 1989 September 29 events (Tylka & Dietrich 1999).



Figure 12 looks for a similar effect in the other events. We
identified 26 events in which the hourly averaged intensity of
>100MeV protons onGOES exceeded 1.0 proton cm�2 sr�1 s�1.
This relatively high threshold requirement discriminates against
far eastern events, whose profiles are extended for other rea-
sons (Cane et al. 1988; Reames et al. 1996). The duration of the
>100 MeV protons was defined as lasting from onset until the
decay-phase intensity had fallen to 10% of the event maximum.
The shapes of time profiles are also affected by source location,
so filled symbols distinguish events in which the associated flare
longitude was between W30� and W90�. There is a reasonably
clear anticorrelation between this duration and enhanced Fe/O. This
is as we would expect if long-lasting events were quasi-parallel
while events with enhanced Fe/O were quasi-perpendicular.

In summary, if enhanced Fe/O at high energies is a signature of
a quasi-perpendicular shock while near the Sun, then we should
expect (1) an anticorrelation between high-energy Fe/O and
event size; (2) an anticorrelation between high-energy Fe/O and
spectral steepening; (3) enhanced high-energy Fe/O in GLEs;

Fig. 10.—Measurements of event-integrated Fe/O (normalized to the nominal coronal value) fromWind LEMT (green asterisks), ACE SIS (blue squares), and IMP8
CRNE (red triangles) at�3–200MeV nucleon�1 in the 13 ground-level events of 1997–2003. Date and solar-source longitude is noted in each panel. The y-axis differs
from panel to panel; the dashed linemarks the nominal value. Routine data collection from IMP8 terminated in 2001 October. Note that SISmeasures stopping iron up to
168MeV nucleon�1 but oxygen only up to 89.3 MeV nucleon�1. Accordingly, the next to highest energy SIS data points (at 75–100MeV nucleon�1) involve a modest
correction, derived from a fit to the oxygen spectrum. The highest energy SIS data points (at 117–168 MeV nucleon�1) rely totally on the extrapolations of the fitted
oxygen spectra and should therefore be accepted with appropriate caution.

Fig. 11.—Time lines of 5 minute averaged integral proton intensities from
GOES-8 for the 2002 April 21 (top) and 2002 August 24 (bottom) events. In-
tensities are shown for >10 (blue), >50 (green), and >100MeV (red ). At >10MeV,
the events are similar, except for normalization. But at higher energies the durations
of the events are markedly different. The peak intensity at >100 MeV is greater in
the August event. Note that at these energies, there are no significant increases
associated with the shock arrival at Earth.

Fig. 12.—Correlation of event-integrated Fe/O at 30–40MeV nucleon�1 vs.
the duration ofGOES protons above 100MeV. The duration was measured from
onset until the intensity had decayed to 10% of its peak value. Filled circles
represent events with associated flare longitudes at W30�–W90�.
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and (4) an anticorrelation between high-energy Fe/O and the
duration of the event at high energies. All of these expecta-
tions are fulfilled, both for the archetypal events in Figure 1 and
for our statistical study of the largest SEP events of 1997–
2003. Although these correlation studies may not be sufficient
to prove our hypothesis about the role of near-Sun shock ge-
ometry, they certainly demonstrate that the notion merits further
consideration.

4. AN ALTERNATIVE HYPOTHESIS: A DIRECT FLARE
COMPONENT AT HIGH ENERGIES

The dominant role of fast, CME-driven shocks in produc-
ing particles below �10 MeV nucleon�1 is not in question. We
have hypothesized that enhanced Fe/O at even higher ener-
gies also come from a shock, but operating on a seed popula-
tion containing flare suprathermals. An alternative hypothesis
would be two distinct acceleration mechanisms operative in the
same event, with a shock producing the lower energy particles
while a flare alone directly generates most of the higher energy
particles. Although this two-component model cannot explain
the Fe-rich IPS events, it is nevertheless a logical possibility
for the SEP events. Moreover, both hypotheses imply that the
high-energy particles should carry the compositional signatures
of flare-acceleration. It is thus difficult to distinguish between
the hypotheses using only the composition data. We therefore
now consider three other lines of evidence that address this
issue.

4.1. Longitude Distribution

First, classic flare-accelerated ‘‘impulsive’’ events, in which
3He/4He at a few MeV nucleon�1 exceeds 10%, are clustered
around W50�, with �85% of the associated flares located be-
tween W30� and W80�. (See, for example, Fig. 2.3 of Reames
[1999]. A comparable distribution is also found in a list of ACE
impulsive events [Mason et al. 2002].) According to Reames
(1999), most of this spread in the connection longitude results
from variation in solar-wind speed, with the remainder due to
random walk of the magnetic field lines (Mazur et al. 2000;
Giacalone et al. 2000).

Figure 13 plots event-integrated Fe/O at 30–40 MeV
nucleon�1 versus the longitude of the associated flare (Cane et al.
2002, 2003) for the SEP events in this study. Only about one-
third of the Fe-enhanced events in Figure 13 fall within this
‘‘well-connected’’ longitude range. The associated flares in the
other events are at longitudes ranging from E16

�
to W140

�
. The

very broad longitude distribution in Figure 13 is incompatible
with the direct-flare hypothesis.18 Of course, the larger Fe-rich
events tend to be found near well-connected longitudes. How-
ever, that is not surprising: at these longitudes, the strongest parts
of the shock are more likely to intercept the Sun-Earth field line
while still near the Sun.

Figure 14 shows a particularly striking example, the 1999
January 20 event. The >30MeV proton fluence in this event was
slightly too small (�1:7 ; 105 cm�2 sr�1) to be included in our
SEP survey. Mason et al. (1999b) have previously identified this
event as an example of enhanced 3He/4He due to flare remnants
reaccelerated by a CME-driven shock. According to Cane et al.

(2002), the source region for this event was at E95
�
, behind the

east limb.19 At �1 MeV nucleon�1, Fe/C is suppressed relative
to the corona. But Fe has a harder power-law spectrum than C—
the same sort of spectral difference found at high energies in the
2002 August 24 event and other western GLEs (Tylka et al.
2002). This spectral difference causes the Fe/C ratio to increase
with energy, attaining values at�10–20MeV nucleon�1 that are
nearly characteristic of flare-accelerated particles.
The IMP8CRNE also reported enhanced Fe/O above 40MeV

nucleon�1 in two other eastern events (Tylka & Dietrich 1999),

19 GOES reported an M5.2 X-ray flare in association with this event. Yohkoh
placed the location of this flare at N29�, E87� (J. Mariska 2004, private com-
munication). SOHO was not operational at the time, but the Mauna Loa Mk4
coronagraph observed CME activity already in progress on the northeast limb
when it began observations at 1758 UT (J. Burkepile 2004, private communi-
cation). GOES first observed the associated X-ray flare at 1905 UT. Palehua and
Sagamore Hill stations reported metric type II emission at 1914–1923 UT (Solar
Geophysical Data), andWindWaves registered strong DH type II radio emission
from 1918–1946 UT (http:// lep694.gsfc.nasa.gov/waves/waves.html). How-
ever, particle instruments onWind andACE did not observe increases in�20MeV
nucleon�1 protons and heavy ions until�2200 UT.Wind LEMT, which monitors
arrival directions covering nearly the whole sky, confirmed that the particles were
flowing outward from the direction of the Sun. The long delay in the particle
onsets is qualitatively consistent with shock propagation from an eastern source
location to the field line connected to Earth.Moreover, there are no other plausible
candidate sources for this SEP event. GOES did not report another X-ray flare
(C5.1 at N19�,W26�) until 0424UTon January 21, too late to be related to the ob-
served particle increase. According to Solar Geophysical Data, there was a small,
faint (‘‘SF’’) H� flare at S24�, W25� at 2123–2133 UT. Although this time is
not incompatible with the SEP onset, it is unlikely that such a minor flare could
produce the observed energetic particles, which included >100 MeV protons.
There also appears to have been no significant radio emission associated with this
minor flare, whichwould also be highly unlikely for an SEP producer (Cliver et al.
2004).

Fig. 13.—Correlation of event-integrated Fe/O at 30–40 MeV nucleon�1

vs. solar longitude of the source. Source longitudes are from Cane et al. (2002,
2003) or (for more recent events, not included in their lists) from Solar
Geophysical Data or the GOES solar proton event list at http://umbra.
nascom.nasa.gov/SEP/seps.html. The color and symbol shape indicate the
event-integrated proton fluence above 30 MeV from GOES, as shown in the
legend at the right. The vertical dashed lines demarcate ‘‘well-connected’’
longitudes at which impulsive (flare-accelerated) SEP events are generally
observed (see text). For completeness, the plot also contains four additional
events from Cane et al. (2002) (1998 May 9 at W100�, 2000 June 6 at E14�,
and 2001 May 7 at W140�) and Gopalswamy (2003) (2001 October 19 at
W29�) for which ACE SIS was able to measure Fe/O at 30–40 MeV nucleon�1,
even though the >30-MeV proton fluence fell slightly below that of our event
selection criterion.

18 This conclusion disagrees with von Rosenvinge et al. (2001). That study
was based on fewer events, and the ACE SIS Fe/O values were integrated over
12–60 MeV nucleon�1. The lower integration-threshold may have obscured the
behavior at the higher energies.
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1979August 19 (at E90�, according to Cane et al. 1986) and1978
April 28 (at E38

�
). The 1999 January 20 event is therefore rare

but not unique.
Thus, high-energy Fe/O enhancements are found in associa-

tion with flares ranging across the whole Sun, from behind the
east limb to well beyond the west limb. It is difficult to see how
this fact can be reconciled with a direct flare component. How-
ever, a broad longitude distribution arises naturally in the context
of CME-driven shocks.

The broad longitude distribution in Figure 13 suggests that in
most events, the flare suprathermal seed particles are remnants
fromprevious flare activity, rather than from the event’s associated
flare. The latter may also contribute seed particles in events with
flares at well-connected longitudes. In fact, if open field lines con-
nect the flare site to the shock front, these ‘‘fresh’’ (as opposed to
‘‘remnant’’) flare suprathermals might explain the comparatively
high proportion of Fe-rich events at well-connected longitudes.
However, such a conclusion requires better event statistics and
more thorough analysis of individual events.

4.2. Spectral Characteristics

Second, the observed spectra provide no support for the direct-
flare hypothesis. According to that hypothesis, the flare is more
prolific than the shock at producing the highest energy particles.
From this superposition of two distinct accelerators, one should
therefore expect spectra that harden with increasing energy, as
illustrated schematically in Figure 15. (Of course, it is possible
that the relative strengths and spectral shapes of the two com-
ponents could be such that they minimize the appearance of a
spectral break. But if the two components truly are independent,
there is no reason to believe that such an arrangement should
generally be the case.) This spectral hardening should be par-

ticularly acute in event-integrated spectra, where (according to
this alternative hypothesis) the highest energy particles are pro-
duced by the flare for a brief time, while the shock continues to
pump up the softer, lower end of the spectrum over an extended
period.

Fig. 14.—Event-averaged energy spectra (left panel ) for C (blue) and Fe (red; multiplied by 100) and Fe/C vs. energy (right panel ) in the east-limb solar particle
event of 1999 January 20 event. In the left panel, the short-dashed curves in the lower right show the Galactic cosmic-ray background. Also shown are power-law fits to
the spectra above 3 MeV nucleon�1, along with the fitted values of the power-law spectral index. Colors distinguish the instruments used in the right panel. Fe has a
harder spectrum than C, causing Fe/C to increase with energy. In this relatively small event, we have compared Fe to C, rather than O, so as to avoid potential
complications due to anomalous cosmic rays.

Fig. 15.—Schematic representation of energy spectra we would expect if two
distinct acceleration mechanisms were operative, with the second being more ef-
fective at producing high-energy particles. In this case, wewould find �2 � �1 < 0.
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If enhanced Fe/O at high energies signals the presence of
particles directly accelerated by a flare, then this spectral hard-
ening should be detectable in both oxygen and iron. As already
noted, there is no evidence for spectral hardening in the oxygen
spectra (see Fig. 9). Figure 16 shows the same study, but for iron.
As before, we fit the Fe spectrum to two independent power laws,
one (E��1 ) at 3–10 MeV nucleon�1 and the other (E��2 ) at 21–
100MeV nucleon�1. (We used 21, instead of 30,MeV nucleon�1,
as the lower boundary of this second interval so as to ensure that
there are at least two energy bins in which ACE SIS measured
SEP Fe, even in events in which the Fe spectrum is very steep at
high energies.) The values of �1 and �2 are listed in columns (11)
and (12) of Table 1.

There is only one event (1998 August 24) in our SEP survey
in which the event-integrated Fe spectrum actually looks like
Figure 15, with �2 � �1 significantly less than zero. The unusual
temporal evolution of the spectral shape in this particular event
has been discussed previously (Tylka et al. 2000). However, this
event is not especially convincing as a candidate for a direct flare
component, since the associated flare was at E08� (Cane et al.
2002).

Events with clear hardening in the event-integrated Fe spec-
trum appear to be rare. We found only one other example, 2000
June 6, among events whose >30 MeV proton fluences were
slightly too small for inclusion in our SEP survey. The associated
flare in this event was also east of central meridian, at E14� (Cane
et al. 2002), making it another unlikely candidate for a direct
flare component. It is intriguing that in both cases, this rare
behavior occurred in events in which the source region was
slightly east of central meridian. This fact may suggest an in-
teresting and distinctive evolution in shock geometry in events
like these.

4.3. Timing Studies

Finally, timing studies directly address the relative roles of
flares and CME-driven shocks in producing the energetic par-
ticles observed at Earth. Previous timing studies (e.g., Kahler
1994; Debrunner et al. 1997) have favored CME-driven shocks
as the accelerators. Recent work, which has benefitted from new

instrumentation with unprecedented sensitivity and timing res-
olution, has confirmed these earlier conclusions. Timing studies
are beyond the scope of this paper, so we simply take note of
these recently reported results:

1. Falcone et al. (2003) studied >5 GeV protons detected by
the Milagrito air shower array in the 1997 November 6 GLE. On
the basis of the �20 minute delay between the gamma-ray
emission reported by Yohkoh (Yoshimori et al. 2002) and the first
arrival of protons at Earth, they conclude that ‘‘it is not possible
that the solar flare particles as manifested in the gamma-ray flare
are responsible for the ground-level event.’’
2. Bieber et al. (2004) modeled time-intensity profiles and

arrival-direction anisotropies recorded by the ‘‘Spaceship Earth’’
worldwide neutronmonitor network on 2001April 15, the largest
GLE in 1997–2004 (Lockwood et al. 2002; Poirier & D’Andrea
2002). They determined the injection time of �GeV particles at
the Sun to within 1 minute uncertainty. They wrote: ‘‘Since the
CME release and flare onset both preceded the particle injection
onset, acceleration in the flare or by a CME shock are both pos-
sible sources for theGeV solar particles observed on Easter 2001.
Nonetheless, the onset timing would tend to favor shock accel-
eration, because (1) the particle injection onset is closer in time to
the CME liftoff than the flare onset (�15 vs. 31 minutes), and (2)
the particle injection onset is accompanied by shock-associated
radio signatures.’’ They concluded that their results ‘‘are con-
sistent with the hypothesis that solar particles were accelerated to
GeV energies (in this event) by a CME-driven shock.’’
3. Tylka et al. (2003) combined electron, proton, and ion data

from IMP8, Wind, ACE, and neutron monitors. They analyzed
velocity dispersion in the first arrival at Earth using the standard
‘‘onset time versus 1/�’’ method (Lin et al. 1981; Reames et al.
1985; Krucker et al. 1999). They determined the solar particle
release times to within �1 minute uncertainty. In the 1997 No-
vember 6 and 2001 April 15 GLEs (both of which also have
enhanced Fe/O above 10 MeV nucleon�1), they found that the
earliest departure of energetic particles from the Sun occurred
�25 and�7minutes, respectively, after the start of the 4–7MeV
gamma-ray emission recorded by Yohkoh. By these times, the
gamma-ray emission was either finished or well into its decay
phase. They also examined the timing in two classic impulsive
events, 2000May 1 (Reames 2000; Mason et al. 2002) and 2001
April 14 (Tylka et al. 2002). In contrast to the GLEs, the particle
release in the impulsive events was simultaneous to within
1 minute with the peak of the hard X-rays, the highest energy
photons observed in those events.
4. Mewaldt et al. (2003b) examined the velocity dispersion of

6–88 MeV nucleon�1 Z � 6 ions in 11 events observed by ACE
SIS. Except for three impulsive events and the 1998 May 6
GLE,20 they inferred that the particle release came when the
associated CMEs were more than 2 solar radii above the pho-
tosphere. The authors did not discuss the timing relative to flare
activity, but these inferred altitudes would tend to favor origin
from the CME-driven shock.

Thus, although these timing studies start with different data
sets, different analysis techniques, and different assumptions
about the underlying particle transport, they all conclude that the
release of particles into interplanetary space—even at the highest

Fig. 16.—Correlation of event-integrated Fe/O at 30–40MeV nucleon�1 vs.
spectral steepening of the iron spectrum, as described in the text. The calculated
correlation coefficient (�0.767) excludes the one event (1998 August 24) in
which �2 � �1 is significantly less than zero.

20 In terms of proton fluence above 100 MeV, the 1998 May 6 event is the
smallest GLE to date in cycle 23. Tylka et al. (2003) also examined this event and
concluded that the timing analysis could not distinguish between flare and shock
origin in this particular case.
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energies—favors origin from the CME-driven shock, rather than
the associated flare.21

In summary, a direct flare component is a reasonable a priori
hypothesis, given only the high-energy composition data. But
three independent lines of argument—the longitude distribu-
tion of Fe-rich events, their spectral characteristics, and timing
studies—pose challenges for this hypothesis. These challenges
should not be dismissed without careful and detailed consider-
ation. But all of these observations are consistent with acceler-
ation by a CME-driven shock.

4.4. Comment on High-Energy Fe Charge State Measurements

Measurements of the mean ionic charge state of Fe ( QFeh i) at
high energies also bear on the question of a direct flare compo-
nent (Tylka et al. 1995). Figure 17 shows QFeh imeasurements at
�25–100 MeV nucleon�1, as deduced from analysis of geo-
magnetic penetration observed by the SAMPEX (Leske et al.
1995, 2001; Labrador et al. 2003). Also plotted in Figure 17 are
additional high-energy QFeh i values, as inferred from analysis of
theQ/A-dependent exponential rollovers at comparable energies
(Tylka et al. 2000, 2001). The two methods agree well in the two
events (2000 July 14 and 2001 September 24) in which both
methods were applicable. But, in general, the two methods are
complementary: the spectral analysis relies on steeply falling Fe
spectra that generally yield too few high-energy Fe ions for re-

liable detection by SAMPEX, whereas the hard-spectra events
most easily accessible to SAMPEX generally do not exhibit ex-
ponential rollovers.

The left panel of Figure 17 shows the high-energy QFeh i
plotted versus the ACE SIS Fe/O at 30–40MeV nucleon�1. This
clear correlation has been noted before (e.g., Leske et al. 2001).
We note in passing that this correlation is a challenge for models
that seek to explain the increase in Fe/O with energy in terms of
‘‘smoothed shocks’’ (Eichler 1979; see also the discussion in
Tylka et al. 2002). Moreover, in those events with the largest
Fe/O values, the Q/A difference between oxygen and iron is rel-
atively small, also making it difficult to account for the enhance-
ment through an unusual rigidity dependence in near-shock
scattering conditions, as suggested by Cohen et al. 2003.

The right panel of Figure 17 shows QFeh i plotted versus the
longitude of the associated flare. Given only the SAMPEX re-
sults, one might be tempted to infer a significant correlation be-
tween QFeh i and the flare longitude. Such a correlation might be
interpreted as evidence for the direct-flare hypothesis. However,
the additional QFeh i values from the spectral analysis consider-
ably weaken the apparent correlation. Events with QFeh i �10 12
span longitudes from E23� to W90�. Near nominally well-
connected longitudes, QFeh i values range from �10 to �22.

As seen in Figure 17, the easternmost event for which SAMPEX
reports QFeh ik16 is at W54�. But as shown in Figure 13, there
are eight events with enhanced Fe/O where the associated flare
is even farther east. Figure 18 clarifies why SAMPEX has not
reported QFeh i for these events. The figure plots the event-
integrated Fe fluences observed by ACE SIS at 26–118 MeV
nucleon�1 (roughly the same energy range as covered by the
SAMPEX data in Fig. 17) versus the associated flare’s longitude.
SAMPEX apparently can extract an QFeh imeasurement only when
the high-energy Fe fluence exceeds �100 Fe cm�2 sr�1. Fe/O-
enhanced events outside the well-connected longitudes simply
produced too few high-energy Fe ions for measurement by
SAMPEX. Thus, there is a significant observational limitation in

Fig. 17.—Measurements of QFeh i from theMass Spectrometer Telescope (Cook et al. 1993) on SAMPEX (red asterisks) atk25MeVnucleon�1 (Leske et al. 1995, 2001;
Labrador et al. 2003) and from spectral analyses (Tylka et al. 2000, 2001) at comparable energies (blue filled squares) plotted vs. ACE SIS Fe/O at 30–40 MeV nucleon�1

(left panel ) and the longitude of the event’s associated flare (right panel ). Two events (2000 July 14 and 2001 September 24) have been measured by both methods.

21 For completeness, we also note a statistical study of near-relativistic
electron events from ACE EPAM (Haggerty & Roelof 2002). This study is not
immediately relevant to this paper, since it examined only electrons and made no
attempt to classify the events on the basis of their ionic characteristics. Never-
theless, the authors concluded that, on average, >300 keV electrons are injected
onto the Sun-Earth field line �10 minutes after the start of electromagnetic
emissions. Simnett et al. (2002) compared the electron release times to SOHO
CME observations and suggested ‘‘that the near relativistic electrons observed by
ACE EPAM are accelerated by the shock . . . and released at a radial distance
around 2–3 solar radii (from the Sun center).’’ However, see Kahler et al. (2005)
for a critique of this study.

SHOCK GEOMETRY IN SOLAR PARTICLE EVENTS 491No. 1, 2005



the events accessible to SAMPEX. It is accordingly premature to
conclude that high QFeh i events are found only at well-connected
longitudes, as the direct-flare hypothesis would suggest.

5. DISCUSSION

In conclusion, we have proposed that the interplay of two var-
iable factors—shock geometry and seed population—provide a
framework for understanding the overall variability at high en-
ergies in large SEP events. The hypothesis requires a compound
seed population, comprising at least solar-wind and flare supra-
thermals. Shock geometry—by setting the energy at which
effective injection occurs—determines which of these compo-
nents should dominate in providing the seeds for high-energy
SEPs. We have shown that our hypothesis appears consistent
with recent observations of traveling interplanetary shocks near
1 AU, in which we have direct information about both the seed
population and shock geometry. For SEPs, our hypothesis pro-
vides a unified accounting of observed correlations among high-
energy Fe/O, event size, spectral characteristics, the presence of
GeV particles, and event duration at high energies. Although
these correlation studies cannot be construed as proof of our
hypothesis, they certainly confirm its viability. Moreover, one
could probably construct an alternative scenario to explain any
one of the observed correlations. But the strength of our hy-
pothesis is that it simultaneously addresses all of them. Our
hypothesis is also attractive in that, rather than invoking two
distinct acceleration mechanisms at high energies, it exploits
known parameter variation that is inherent in shock acceleration.
Indeed, given the substantial body of theoretical work on the
likely importance of geometry (that is, �Bn) in shock acceleration,
we should probably be surprised if we could not find some re-
flection of it in the SEP observations.

The synergistic roles of shock angle and seed population have
also recently been considered in another context: Meziane et al.

(2002) presented a statistical study of 216 energetic ion events
observed by the Wind spacecraft just upstream of Earth’s bow
shock. The classified their events according to both the value of
�Bn and the presence or absence of a preexisting energetic seed
population above 50 keV. They observed event-to-event variabil-
ity in spectral character, qualitatively similar to that displayed in
our Figure 8, albeit at much lower energies. In particular, they
found that for quasi-parallel configurations, the spectra showed a
roughly exponential rollover with at cutoff at�200–300 keV, in
agreement with Lee’s (1982) self-consistent theory of diffusive
shock-acceleration at the bow shock. This cutoff was indepen-
dent of whether or not the preexisting energetic seed population
was present. The observed spectra showed the same behavior at
quasi-perpendicular shocks when the preexisting energetic seed
population was absent. But when the preexisting energetic seed
population was present and the shock was quasi-perpendicular,
the spectra showed a power-law extension up to �2 MeV. The
authors attributed these higher energy ions to shock-drift accel-
eration. Of course, the small size of Earth’s bow shock limits
shock acceleration in ways for which there are no corresponding
factors in SEP events. One must therefore be cautious in drawing
analogies between these two cases. But it is nevertheless intrigu-
ing that the bow shock shows a range of spectral morphology
qualitatively similar to what we see in the high-energy SEPs, and
that the apparent origin of that variability hinges on the same
factors that we have identified in this study.
Shock speed is an important factor in SEP production, al-

though it does not fully account for SEP variability (Kahler
1999). One might nevertheless wonder whether event-to-event
variability in shock speed alone, without any appeal to shock ge-
ometry, might be sufficient to account for higher injection thresh-
olds that appear to preferentially select flare suprathermals in
some events. To address this question, Figure 19 plots the high-
energy Fe/O versus the measured CME speeds for our SEP
events. There is a modest anticorrelation between these observ-
ables, with a larger proportion of events having enhanced Fe/O
at lower speeds. The enhanced Fe/O events are certainly not
primarily at the highest CME speeds, which one would expect if
shock speed alone governed the injection threshold. Also, at any
given CME speed, the high-energy Fe/O spans a large range of
values. More importantly, the measured CME speeds in these

Fig. 19.—Correlation of event-integrated Fe/O at 30–40MeV nucleon�1 for
the events of Table 1 vs. the measured speeds of the associated CMEs, as given
by http://cdaw.gsfc.nasa.gov/CME_list. The correlation coefficient between
these variables is �0.411. Color and symbol shape indicate the source longi-
tude, as indicated by the legend at the right. The CME speeds have not been
corrected for possible projection effects.

Fig. 18.—Event-integrated Fe-fluence at 26–118 MeV nucleon�1 from ACE
SIS plotted vs. longitude of the associated flare. Red asterisks represent events
in which there are QFeh i measurements at roughly this same energy from
SAMPEX (Leske et al. 2001; Labrador et al. 2003). Filled blue squares represent
events in which QFeh i could be inferred from spectral analyses, as discussed in
Tylka et al. (2000, 2001). (Two events were measured by both methods.) Filled
gold circles represent the events of 2003 October–November for which charge
state studies have not yet been published. Small black circles represent events
for which there is presently no information on QFeh i at high energies.

TYLKA ET AL.492 Vol. 625



events vary by only a factor of�3. It seems unlikely that a factor
of 3 is sufficiently large to drastically alter the injectable seed
population. On the other hand, it is believed that shock geometry
can easily change the injection threshold by a factor of >10. (See,
for example, eqs. [4.59] and [4.60] of Webb et al. 1995.)

Our shock-geometry hypothesis directly addresses one of the
most persistent observational puzzles of recent SEP observations—
why do so many large gradual SEP events have composition at
high-energy that looks like that of flare-accelerated impulsive
events? The alternative hypothesis of a direct flare component at
high energies is a priori reasonable. But, as we have seen, the
observational facts provided by the longitude distribution of en-
hanced Fe/O events, the absence of spectral discontinuities, and
numerous timing studies all pose serious challenges for that hy-
pothesis. However, all of these observations are consistent with
the CME-driven shock as the primary accelerator, even at the
highest observed energies.

Nevertheless, many critical aspects remain to be worked out,
and testing the hypothesis requires additional studies. One partic-
ular challenge is to understand in detail events like 2002 August
24, in which Fe/O increases with energy above �10 MeV
nucleon�1. It is possible that this increase reflects an evolution,
in which the higher energy particles are produced by a quasi-
perpendicular shock that later becomes quasi-parallel and then
generates the bulk of the lower-energy particles. In fact, aver-
aging over a changing �Bn, with the concomitant changes in
injection threshold, seed population, and spectral rollovers, can
be expected to produce Fe/O that increases with energy (M. A.
Lee & A. J. Tylka 2005, in preparation).

Other factors may also come into play. Perhaps also important
here is the fact that shocks have only a finite amount of time in
which to accelerate the particles to their observed energies. Con-
sequently, it might be expected that the seed particles that start
out at higher energies end up at higher energies, at least on
average. The rise in Fe/O with energy may therefore actually be
tracing out the change in the seed population as it goes from
solar-wind–dominated to flare-dominated suprathermals. The-
oretical studies are needed to assess whether or not this scenario
is plausible.

We have suggested that enhanced high-energy Fe/O indi-
cates a quasi-perpendicular shock, at least while near the Sun.
Figure 13 therefore implies that this quasi-perpendicular con-
figuration arises in many events, regardless of the source lon-
gitude. At first glance, this notion might be surprising, since it is
not what one would expect from the large-scale Parker spiral.
However, it must be remembered that the high-energy particles
are generally produced when the leading edge of the CME is
less than �15 R� above the photosphere and, in many events,
probably substantially lower. For example, the recent timing
study of the 2001 April 15 GLE (Bieber et al. 2004) put the peak
of the GeV-particle production when the CME was only at �2–
3 R� above the photosphere. At these altitudes, the open solar
magnetic field is expected to be predominantly radial. Most
CME-driven shocks are therefore likely to have extensive quasi-
perpendicular regions at these altitudes. In fact, this behavior is
seen in detailed MHD simulations, such as Roussev et al. (2004)
(I. Roussev 2004, private communication). Further efforts, in
which these MHD simulations are coupled to models of particle
acceleration at shocks of evolving obliquity, are needed.

We have only considered energetic protons and ions in this
paper. At Earth’s bow shock, electrons are more effectively ac-
celerated at quasi-perpendicular configurations (Gosling et al.
1989). This fact suggests that solar electrons may carry signa-
tures of near-Sun shock geometry. Comparative studies of elec-

trons in the gradual SEP events may therefore provide another
means to test our hypothesis. To find the differences it may be nec-
essary to extend the electron observations beyond the �300 keV
maximum energy generally reported by Wind and ACE.

Similarly, quasi-perpendicular shocks are expected to be more
effective at generating type II radio emission (Holman & Pesses
1983; Knock et al. 2003). Imaging shows that the metric type II
emission generally originates at coronal altitudes below the
leading edge of the CME (Wagner 1982; Gary et al. 1984).
Steinolfson (1984) demonstrated that this fact could be under-
stood in terms of shock-drift acceleration of electrons at quasi-
perpendicular regions on the flanks of the CME. More recently,
Maia et al. (2000) presentedNancy radioheliograph observations
of metric type II emission coming from the leading edges of
CMEs. They noted that this emission is weak and generally goes
undetected unless the usual sources of stronger emissions are
occulted or otherwise absent. In the low corona, one would gen-
erally expect the shock at the CME’s leading edge to be quasi-
parallel and therefore not particularly effective at accelerating
electrons. The relative weakness of the radio emission from the
CME’s leading edge is therefore perhaps not surprising. Intrigu-
ingly, one of the events discussed by Maia et al. (2000) was a
major particle event—1998 April 20, whose spectral and com-
position characteristics (Tylka et al. 2000) are those we would
expect for a quasi-parallel shock. Further comparative study of
metric type II imaging and SEP characteristics may therefore be
instructive. However, it should be noted that such a study may
also be inconclusive, in that the radio emission is affected by a
number of factors besides shock geometry. Moreover, the con-
ditions implied by the radio emissions may not necessarily apply
to Sun-Earth field line.

Finally, our inferences about the near-Sun shock geometry
are all indirect, drawn from the energetic particle data alone
and without any direct evidence on shock geometry while the
CME is near the Sun. Ultimately, the viability of our hypothe-
sis will be addressed by detailed numerical simulations of evolv-
ing CME-driven shocks and the resulting particle production
as they propagate through realistic models of the corona and
interplanetary medium. One would also nevertheless like to
find direct solar observations that might bear upon the shock
geometry. Nitta et al. (2003) studied the soft X-ray images as-
sociated with seven large SEP events from solar cycle 23. Their
event sample contained events in which the oxygen spectra
showed exponential rollovers and Fe/O at high energies that was
suppressed (we would consider these events likely to be quasi-
parallel), and other events in which the spectra were power laws
without visible rollovers and Fe/Owas enhanced at high energies
(we would consider these as quasi-perpendicular). In the former
case, the ejections occurred over larger spatial regions and with
longer timescales involving a slowly expanding pre-eruption
phase. On the other hand, events in the second category erupted
explosively from a smaller region. Raymond et al. (2003) com-
pared CME-related UV emissions from the events of Figure 1.
They also noted that the LASCO images at�2–6 R� in the 2002
August 24 event ‘‘give a strong impression of transverse ex-
pansion,’’ while the 2002 April 21 event ‘‘has more of the ap-
pearance of a cloud of ejected plasma.’’ Further investigation is
needed to decide whether observations such as these may pro-
vide diagnostics of the near-Sun shock geometry.

This study grew out of discussions at the Living with a Star
(LWS) Coordinated Data Analysis Workshop (Gopalswamy
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